Herpesviruses are characterized by their ability to support two distinct life cycles: latency and lytic (productive) replication. Latency is established after infection of a nonpermissive cell and is characterized by persistence of the viral genome in the cell nucleus and expression of a small number of viral genes. Lytic replication occurs after de novo infection of a permissive cell or as a result of reactivation of latent virus within a nonpermissive cell. In both of these cases, replication involves the sequential activation of immediate-early, early, and late viral genes. In the gammaherpesvirus subfamily, this cascade is initiated by immediate-early viral transactivators (7, 15, 30, 38, 39, 43, 44) , including RTA. The ectopic expression of RTA from Kaposi's sarcoma-associated herpesvirus (KSHV), murine herpesvirus 68 (MHV68), or Epstein-Barr virus (EBV) in latently infected B lymphocytes is sufficient to reactivate the latent virus and initiate replication (24, 30, 38, 43) . Dominant-negative mutants have also shown that RTA is required for the reactivation of latent KSHV and MHV68 and for de novo replication of MHV68 (23, 42) . In addition to transactivating viral genes required for replication, the RTA proteins have been shown to autoactivate their own promoters (9, 12, 30, 42) . EBV encodes an additional immediate-early transactivator, Zebra, which synergizes with its RTA homologue to activate viral lytic genes (8, 15, 20) . Zebra also autoactivates its own promoter and the EBV RTA promoter (11, 36) .
The expression of RTA and Zebra therefore represents a highly sensitive switch for the initiation of virus replication by gammaherpesviruses. In light of this, we reasoned that mechanisms exist to suppress this switch in nonpermissive cells where these viruses establish latency. Because latency is established specifically in lymphocytes, we investigated the possibility that suppression involved a lymphocyte-specific factor. The NF-B family of transcription factors have very low activity in most cell types, due to their association with the I-B family of inhibitors, which promote their export to the cytoplasm (2, 3, 18) . Inducers of the NF-B pathway initiate the degradation of I-B, allowing the NF-B proteins to accumulate in the nucleus, where they bind to DNA and activate target genes (10, 40) . In lymphocytes, however, the I-B proteins are unstable, and high levels of NF-B are constitutively present in the nucleus (27) . In lymphocytes latently infected with gammaherpesviruses, NF-B activity is further elevated by the expression of latent viral gene products that activate the NF-B signaling pathway (6, 14, 21) . These elevated NF-B levels promote survival and proliferation of the infected cell (5, 6, 17, 19) . We find that NF-B also exerts dramatic effects on gammaherpesvirus replication. In epithelial cells permissive for virus replication, the overexpression of NF-B can inhibit lytic gene promoter activation, lytic protein synthesis, and replication. Conversely, in some lymphocyte cell lines latently infected with KSHV or EBV, the inhibition of NF-B leads to lytic protein synthesis consistent with virus reactivation. These results identify NF-B as an inhibitor of gammaherpesvirus replication and therefore a potential regulator of the balance between lytic replication and latency in vivo.
MATERIALS AND METHODS

Plasmid constructs.
Reporter pRpluc contains the 3-kb region upstream of the KSHV RTA coding sequence in pGL2-Basic (Promega, Madison, Wis.) (9) . 57pLuc contains a 565-nucleotide fragment of the MHV68 open reading frame 57 (ORF57) promoter cloned into pGL2-Basic (gift of S. Speck) (22) . pPAN69Luc contains a 69-nucleotide fragment of the polyadenylated nuclear RNA (PAN) promoter of KSHV in pGL3-Basic (Promega) (37) . BHLF1Luc contains a 781-bp fragment of the BHLF1 promoter of EBV (26) . pNF-BLuc is an NF-B-responsive reporter (Stratagene, La Jolla, Calif.). All reporter constructs express Photinus pyralis luciferase. In addition, the pRL-SV40 vector constitutively expressing Renilla reniformis luciferase was used as an internal control. cDNAs encoding KSHV RTA, EBV RTA, EBV Zebra, full-length human p65, and p65 deletion mutants or genomic DNA encoding MHV68 RTA was expressed from the pFLAG-CMV2 vector (Kodak). I-BS32/36 is a dominant inhibitor of NF-B (4).
Transient transfections. 293T cells (10 5 per well) were seeded onto a 24-well dish 16 h before transfection. A total of 600 ng of DNA per well was transfected by the calcium phosphate method. Twenty-five nanograms of pRpluc was transfected with 25 ng of pFLAGRTA (KSHV RTA), and 10 ng of pPAN-69Luc was transfected with 1 ng of pFLAGRTA. Ten nanograms of 57pLuc was transfected with 2 ng of pFLAG-MRTA (MHV-68 RTA). Five nanograms of pFLAG/ EBVRTA and 5 ng of pFLAG/EBVZebra were transfected with 10 ng of BHLF1Luc. Cell extracts were harvested 24 h posttransfection and assayed by using the dual-luciferase reporter assay system (Promega, Madison, Wis.).
Reactivation assay. A total of 10 7 KS-1 cells (KSHV-positive, EBV-negative primary effusion B-cell lymphoma; gift from J. Said, University of California at Los Angeles) or P3J-HR-1 cells (EBV-positive, KSHV-negative Burkitt's lymphoma cells) were incubated with 20 ng of tetradecanoyl phorbol acetate (TPA) per ml (KS-1, BCBL1) or 1.5 mM sodium butyrate (HR-1) for 48 h or were incubated with the indicated amounts of Bay11-7082 (Calbiochem, San Diego, Calif.) for 30 min and returned to fresh medium for 48 h.
Western blotting. Forty-eight hours after treatment, whole-cell extracts from 10 5 KS-1 or HR-1 cells were analyzed by Western blotting with Kaposi's sarcoma patient serum and polyclonal rabbit serum recognizing KSHV RTA or nasopharyngeal carcinoma patient serum and a monoclonal antibody (MAb) specific for EA-D (Chemicon International, Temecula, Calif.). Blots were reprobed with an actin MAb (Sigma, St. Louis, Mo.) as a loading control. After MHV68 DNA transfection (see Fig. 3A , 4, and 6A), whole-cell extracts from 293T cells were probed with polyclonal anti-MHV68 serum. Membranes were reprobed with MAbs recognizing p65 (Santa Cruz Biotechnology, Santa Cruz, Calif.) and actin (Sigma).
EMSA. For the electrophoretic mobility shift assay (EMSA), 10 g of nuclear extract, made from latently-infected lymphoma cell lines, was incubated with a consensus NF-B oligonucleotide as previously described (19) . To obtain supershifts, 200 ng of MAb recognizing p65 (Santa Cruz Biotechnology, Santa Cruz, Calif.) or FLAG (Sigma) was incubated with the cell extracts prior to addition of probe.
RESULTS
Gammaherpesvirus lytic promoter activation is inhibited by NF-B(p65).
Herpesvirus replication involves the sequential activation of lytic genes, a cascade that is initiated by viral immediate-early transactivators. We therefore analyzed the effect of overexpression of NF-B on the activity of lytic promoters selected from three gammaherpesviruses: KSHV, EBV, and MHV68 (Fig. 1A) . pRpluc, pPAN-69Luc, and 57pLuc are all highly inducible by their respective RTA homologues (9, 22, 37) . BHLF1Luc is activated synergistically by EBV RTA and Zebra (26) . These reporters were cotransfected into 293T cells with their respective activators and increasing amounts of the p65 (transcriptionally active) subunit of NF-B. The coexpression of p65 with the viral transactivators resulted in a dose-dependent inhibition of transcription activation on all four promoters (Fig. 1B) . We found that p65 did not inhibit the activity of the constitutively active simian virus 40 reporter plasmid pRL-SV40, indicating that inhibition is not the result of cellular toxicity or global transcription repression.
To further support the specificity of inhibition by p65, we determined whether inhibition could be reversed by either overexpressing the viral transactivators or coexpressing I-BS32/36, a dominant inhibitor of NF-B (4). We found that, in the presence of a fixed amount of p65, the 4-to 10-fold overexpression of RTA (pRpluc, pPAN-69Luc, and 57pLuc) or RTA with Zebra (BHLF1Luc) was sufficient to restore promoter activation (Fig. 2 ). In addition, the expression of I-BS32/36 completely abolished the inhibitory activity of p65. The p50 subunit of NF-B is a nuclear protein that can bind to NF-B sites as a homodimer or as a heterodimer with p65. However, unlike p65, p50 lacks an activation domain and has no inherent activation capacity. We found that p50 did not inhibit activation of the KSHV pRpLuc promoter by RTA (data not shown). By Western blotting, we also confirmed that p65 did not inhibit the cytomegalovirus (CMV)-driven expression of RTA or Zebra (data not shown). These results suggest that NF-B activity is a specific inhibitor of gammaherpesvirus lytic promoter activation.
MHV68 lytic replication is inhibited by NF-B(p65).
We then investigated whether the inhibition of lytic promoters by p65 correlated with an inhibition of virus replication. Of the three gammaherpesviruses represented in Fig. 1 , only MHV68 replicates productively in cell culture. 293T (epithelial) cells are highly permissive for MHV68 replication following either infection or transfection of purified virion DNA (42) . These cells also have low endogenous NF-B activity. We therefore cotransfected 293T cells with MHV68 virion DNA and increasing amounts of the p65 expression vector and assayed the effect on virus replication by Western blotting (Fig. 3A) and by plaque assay (Fig. 3B) . Five days after transfection with virion DNA alone, multiple lytic proteins were detected in whole-cell lysates, indicating productive MHV68 replication (Fig. 3A,  lane 2) . However, coexpression of p65 resulted in a dosedependent inhibition of lytic protein synthesis (Fig. 3A, lanes 3  to 6) . In addition, Western blotting showed that the levels of actin were higher in the cell extracts prepared from cells coexpressing p65 and virion DNA than in those from cells expressing virion DNA alone (Fig. 3A, compare lanes 2 and 6) . This was a reflection of enhanced survival and proliferation of the cells overexpressing p65, consistent with their protection from the cytopathic effects of virus replication. Microscopic analysis of the transfected cells 5 days posttransfection also confirmed that the cells transfected with virion DNA alone showed visible cytopathic signs of virus replication, whereas the cells cotransfected with virion DNA and p65 did not (Fig.  3C) . Plaque assays performed on the supernatants from these cells also demonstrated a dose-dependent decrease in virus production with increasing expression of p65 (Fig. 3B) .
Inhibition of virus replication by NF-B is reversible. To confirm that the cells transfected with virion DNA and p65 were successfully transfected and were maintaining the viral DNA in the absence of significant replication, we also passaged a fraction of these cells (Fig. 4, lane 3) and monitored virus replication for several days. To minimize the transfer of infectious virus, the cell supernatant was removed before the cells were plated in fresh media. Cell extracts were then analyzed for virus replication 1, 2, and 3 days later (i.e., days 6, 7, and 8 posttransfection). Western blots showed that after the cells were passaged, the p65 levels gradually returned to their initial low level (Fig. 4, lanes 4 to 6) . In addition, as the p65 levels declined, the expression of viral lytic proteins increased dramatically (Fig. 4, upper panel) . There was therefore a strong inverse correlation between the levels of p65 in the cell and the extent of virus replication. In the presence of high levels of p65, the viral DNA was maintained in cells, but the level of virus replication was very low (Fig. 4, lane 3) . As the cells proliferated in culture, expression of p65 from the plasmid vector declined, and this decrease in NF-B activity correlated with viral reentry into the lytic cycle as the cells were restored to their permissive state (lane 6).
Both the DNA binding and activation domains of p65 are required for inhibition. The p65 subunit of NF-B is able to bind to consensus NF-B binding sites and activate transcription (35) . However, our data also suggests that it functions as a transcription inhibitor. To determine which domains of p65 are required for inhibition, we constructed p65 deletion mutants (Fig. 5A) . The ⌬1 mutant lacks 30 amino acids from the C terminus, a deletion that results in a 63% decrease in activation of an NF-B-responsive reporter (pNF-B-Luc). The ⌬2 and ⌬3 mutants lack the entire C-terminal activation domain or DNA binding/dimerization domain, respectively, and are essentially inactive for transactivation. However, both ⌬2 and ⌬3 mutants retain the nuclear localization signal, which is located between amino acids 291 and 313. We confirmed by Western blotting that these mutants were expressed efficiently in 293T cells (data not shown). We then tested their ability to inhibit activation of the lytic promoters described in the legend to Fig. 1A . On all reporters tested, the ⌬1 p65 mutant retained some capacity to inhibit lytic promoter activity, although it was much less effective than the full-length protein (Fig. 5B) . However, both the ⌬2 and ⌬3 mutants were unable to inhibit promoter activation. These results showed that both the DNA binding/dimerization domain and activation domain of p65 are required for its ability to inhibit lytic promoter activation. The p65 deletion mutants were then tested for their ability to inhibit virus replication after cotransfection into 293T cells with purified MHV68 DNA (as described in Fig. 3) . The re- sults were consistent with those from the transient transfection assay and demonstrated that the ⌬1 mutant of p65 had a reduced capacity to inhibit lytic protein synthesis (Fig. 6A,  compare lanes 3 and 4) , whereas the ⌬2 and ⌬3 mutants had no inhibitory activity (lanes 5 and 6). The virion DNA used in the transient transfection assay was generated from a recombinant MHV68 strain expressing green fluorescent protein (GFP) from the CMV promoter in a nonessential region of the genome (42) . This virus therefore allows the extent of virus replication to be visualized in the transfected cells (Fig. 6C) . Two days posttransfection, the cells transfected with virion DNA alone showed high levels of GFP expression in the form of cell clusters, consistent with replication of the virus in transfected cells followed by release of new virions and infection of neighboring cells. However, in the cells transfected with virion DNA and either full-length or ⌬1 p65, GFP expression was much lower and was in general confined to single cells, consistent with successful transfection of the cells but inefficient replication and therefore limited reinfection of neighboring cells. However, cells transfected with virion DNA and either the ⌬2 or ⌬3 p65 mutants expressed GFP in a pattern similar to virion DNA alone, with large clusters of fluorescent cells, in addition to single cells expressing GFP. The release of infectious MHV68 into the media of these transfected cells was also analyzed by plaque assay. Consistent with the previous assays, the cotransfection of either wild-type or ⌬1 p65 with virion DNA resulted in a Ͻ10-fold decrease in the production of infectious virions (Fig. 6B) . Unlike the transient transfection and Western blot assays, the ⌬2 and ⌬3 p65 mutants retained some inhibitory activity (inhibiting virus production by two-to threefold), although they were much less effective than the wild type or ⌬1 mutant. The results of the transient transfection and Western blot assays were consistent with each other and demonstrated that both the N-terminal DNA binding/dimerization domain and C-terminal activation domain of p65 are required for its inhibitory activity. The extent of inhibition therefore closely mirrored the activation capacity of the p65 mutants on the NF-B-dependent reporter (Fig. 5A) .
Inhibition of NF-B in lymphocytes leads to reactivation of latent virus. Our results support an inhibitory role for NF-B in the initiation of gammaherpesvirus replication. This is consistent with the ability of this family of viruses to divert their transcription program from lytic replication to latency in cell (19) . After 30 min, cells were resuspended in fresh medium and incubated for a further 48 h. Cell extracts were assayed for lytic protein synthesis by Western blotting. NF-B has been shown to be important for the survival of lymphocytes, with prolonged inhibition of NF-B leading to apoptosis (5, 19, 28) . However, after a brief incubation with the NF-B inhibitor Bay11-7082 followed by 48 h of recovery, we observed an induction of EBV (Fig. 7A) and KSHV ( Fig. 7C and E) lytic protein synthesis. After treatment with Bay11-7082, EBV-infected lymphocytes expressed early lytic protein EA-D and immediate-early lytic transactivator Zebra, similar to cells treated with sodium butyrate, a potent inducer of virus reactivation (34) . Nuclear extracts analyzed by EMSA directly after the 30-min incubation period confirmed that the Bay11-7082 concentrations and conditions used were effectively inhibiting NF-B in these cells (Fig. 7B) . KSHV-infected cell lines were analyzed similarly and also showed induction of lytic antigens after treatment with Bay11-7082. In this case, the effect of Bay11-7082 was compared to treatment with TPA, a potent inducer of KSHV reactivation (32) . Treatment of KS-1 cells resulted in expression of proteins identical to those induced by TPA (Fig. 7C) .
Immunofluorescence also confirmed the expression of the KSHV early lytic antigen coded for by ORF59 and the late antigen K8.1A (data not shown). Treatment of a second KSHV-infected cell line, BCBL1, with Bay11-7082 resulted in lytic protein synthesis to a higher level than that seen with TPA (Fig. 7E ). In addition, inhibition of NF-B in these cells resulted in the expression of the lytic transactivator RTA (Fig.  7E) , which is known to be sufficient to initiate lytic replication in these cells. EMSA analysis of the KS-1 and BCBL1 nuclear extracts directly after treatment with Bay11-7082 confirmed that the concentrations and conditions were appropriate for inhibition of NF-B (Fig. 7D and F) . Other compounds known to inhibit NF-B in lymphocytes such as anti-inflammatory prostaglandins and proteasome inhibitors were also found to be potent inducers of EBV and KSHV reactivation (H. Brown, unpublished observations). Our data therefore support the conclusion that high levels of NF-B are required to maintain gammaherpesvirus latency. This is consistent with a report that signaling by EBV latent membrane protein 1 (LMP1) and cellular CD40, which activate the NF-B pathway, inhibits reactivation of EBV from several latently infected cell lines (1).
DISCUSSION
Immediate-early viral transactivators are known to play an important role in reactivating latent gammaherpesviruses (7, 15, 30, 38, 39, 43, 44) . However, in specific cell types, gammaherpesviruses can maintain a latent infection for long periods of time. Therefore, cell-specific factors are also likely to be involved in regulating the balance between latency and lytic replication. We find that high levels of NF-B inhibit gammaherpesvirus lytic promoter activation, lytic protein synthesis, and virus replication. In addition, the inhibition of NF-B in latently infected cells leads to lytic protein synthesis. These data lead us to a model to describe the cell-specific regulation of gammaherpesvirus life cycles (Fig. 8) . The induction of lytic replication is controlled by immediate-early viral transactivators (RTA of KSHV and MHV68 and RTA and Zebra of EBV). However, in lymphocytes, these transactivators are inhibited by high levels of NF-B. This blocks both the expression of downstream lytic genes and the expression of RTA and Zebra themselves (via autoactivation). The inhibition of virus NF-B regulates the levels of these proteins (i.e., the threshold) required to initiate this switch.
Our data clearly demonstrate that different cell lines have different thresholds for reactivation via inhibition of NF-B. This is consistent with well-established variations in the response of latently infected cell lines to chemical inducers and, in some cases, the necessity to combine chemical inducers in order to see robust reactivation. The difference in responsiveness between cell lines may be a reflection of variations in the NF-B activity and/or RTA and Zebra regulation in different cells. Cell lines with high levels of NF-B may be less sensitive to reactivation than those with less NF-B activity or significant basal RTA or Zebra expression. Our data do not exclude reactivation by additional mechanisms. A signaling pathway leading directly to activation of the RTA or Zebra promoters may increase lytic gene expression sufficiently to overcome the inhibitory effect of NF-B. This is exemplified by TPA and sodium butyrate, which activate the RTA and Zebra promoters but do not inhibit NF-B (11) (H. Deng, unpublished observation). It is also consistent with our observation that increasing expression of RTA/Zebra is sufficient to restore activity to lytic promoters even in the presence of high levels of p65 (Fig.  2) .
The mechanism by which NF-B(p65) inhibits lytic promoters remains unclear. Our deletion analysis (Fig. 5) demonstrated that both the N-terminal DNA binding/dimerization domain and the C-terminal activation domain of p65 are required for inhibition. This may indicate that NF-B is transactivating a cellular promoter and driving the expression of an inhibitor. Alternatively, as transcription factors interact with cofactors via their activation domains, p65 may be competing with RTA and Zebra for binding to common transcription targets (25, 31, 41) . Although p65 has the capacity to bind directly to DNA via its N-terminal Rel homology domain, only two of the four promoters tested in the transient transfection assay (Fig. 1) contain consensus NF-B binding sites (pPAN69Luc and BHLF1Luc). This suggests that p65 does not require direct binding to the lytic promoters in order to inhibit promoter activation. This is supported by a report that p65 inhibits activation of the cellular interleukin-6 promoter by KSHV RTA and that this inhibition requires promoter sequences that do not include NF-B binding sites (33) . p65 may therefore be recruited to promoters indirectly via protein-protein interactions with RTA, Zebra, or other factors (13, 16) . In this case, inhibition may result from stearic hindrance of the viral transactivators by p65 or competition for interactions with the basal transcription machinery. However, although p65 has been shown to interact directly with EBV Zebra (13), coimmunoprecipitation experiments did not detect any direct interaction between p65 and KSHV RTA (data not shown).
Current strategies to target latently infected tumor cells include reactivating latent virus in the presence of antiherpesvirus agents that block new virus production. Tumor cells would therefore succumb to the effects of viral protein synthesis without supporting the production of new virions. Our data suggest that NF-B inhibitors may prove effective for the disruption of viral latency and therefore the destruction of latently infected tumor cells in vivo.
